We present a detailed study of the small frequency separations as diagnostics of the mass of the convective core and evolutionary stage of solar-type stars. We demonstrate how the small separations can be combined to provide sensitive tests for the presence of convective overshoot at the edge of the core. These studies are focused on low degree oscillation modes, the only modes expected to be detected in distant stars. Using simulated data with realistic errors, we find that the mass of the convective core can be estimated to within 5% if the total stellar mass is known. Systematic errors arising due to uncertainty in the mass could be up to 20%. The evolutionary stage of the star, determined in terms of the central hydrogen abundance using our proposed technique, however, is much less sensitive to the mass estimate.
INTRODUCTION
The theory of stellar structure predicts that the central region of massive stars (M 1.1M⊙) are convective, rather than radiative as is the case for the Sun. Since convective flows imply chemical mixing, the evolution of these stars is severely influenced by the presence, and the extent, of the convective core. The process of convective transport also involves the question of overshoot which implies the extension of the convective region beyond the classical border of convective stability. This causes more hydrogen to be supplied to the nuclear reactions going on in the core, thus effectively increasing the lifetime of a star on the main sequence. The present theories of convection are inadequate to provide a definite measure of the extent of overshoot and it is one of the free parameters in a stellar model. The uncertainty in the mass of the convective core, or its extension due to overshoot, directly translates into an error in the determination of the age of the star. This in turn would affect other studies based on stellar evolution like population synthesis in galaxies etc.
The size of the convective core does not remain constant, and changes as the star evolves. The variation in the core size of a 1.3M⊙ star is illustrated in Fig. 1 through the change in the hydrogen profile as a function of fractional mass. For stars of mass 1.1 M/M⊙ 2.0 the core increases in size during the initial stages of evolution before beginning to shrink later. Furthermore, stellar models indicate that the extent and evolution of the convective core is quite different depending on whether or not convective overshoot is present (Fig. 2) . It is, therefore, clear that a good ⋆ E-mail: anwesh.mazumdar@yale.edu test of the presence and extent of convective layers in the central region of massive stars will go a long way towards our understanding of stellar structure and evolution. While there is no direct method to look inside a star, the recent advances in asteroseismology does offer an opportunity to probe the innermost layers of stars. The frequencies of oscillation of a star depend on its global properties like the mass, radius etc, as well as the detailed internal structure, especially the location of layers of rapid change in density or chemical composition, and hence can be used to probe the inner layers.
Space-based asteroseismic missions such as MOST (Walker et al. 2003) and CoRoT (Baglin 2003) are expected to measure the oscillation frequencies of several stars with sufficient accuracy to enable a more detailed study of stellar structure than has been possible so far. Ground-based observations have already started measuring the frequencies of many stars despite the difficulties of such measurements. Unfortunately, none of these observations can or will be able to observe the intermediate degree modes of oscillation that have been so useful in solar studies. These missions can at most, hope to determine the frequencies of modes with degree ℓ 3. However, we are fortunate in the fact that the modes of low degrees (ℓ = 0-3) penetrate the central regions of a star and hence carry information about its deepest layers. We focus our study only on these modes.
It has been suggested that the oscillatory signal in the frequencies due to sharp features such as the boundaries of convective regions or ionisation zones can be used to estimate the location of these layers inside a star (Monteiro, Christensen-Dalsgaard & Thompson 1998 . While this technique appears to succeed for the base of the outer convective envelope or the second helium ionisa- Figure 1 . The hydrogen profile near the boundary of the convective core is shown for a 1.3M ⊙ model with overshoot at different stages of evolution. The flat portion of the curve indicates the core which is fully mixed due to convection. It is clear that the size of the core increases during the first part of evolution before shrinking in later stages. Diffusion of hydrogen leaves a smoothed out step-like signature in the hydrogen profile as the core recedes with increasing age of the star.
tion zone (Ballot, Turck-Chièze, & García 2004; Basu et al. 2004) , Mazumdar & Antia (2001) have shown that it would not work for the convective core due to a problem similar to aliasing in Fourier analysis. In this paper we show that combinations of frequency separations can provide a better knowledge of the core.
It is well known that the large scale properties like the mass and radius act mostly to scale the frequencies of nearly all modes of oscillation. Such scaling effects are apparent in the large separation, i.e., the difference in frequency of modes of successive order but of a particular degree. The large separations are also quite sensitive to the structure of the outer layers of a star, which are among the most uncertain aspects of theoretical stellar models. On the other hand, Figure 2 . The evolution of the fractional mass of the convective core, mcore/M is shown for models of mass 1.2, 1.3 and 1.4M ⊙ . The black lines represent models without convective core overshoot and the other curves show models in which core overshoot (0.2H P ) has been incorporated. the so-called small separations, i.e., the small differences of frequency between modes of nearly same order but different degrees, are more affected by the deeper layers of a star. Therefore, the small separations are useful in investigating the central features, especially the extent of convective cores in massive stars.
Indeed, many efforts have been made to link the small frequency separations to the convective core in massive stars (for theoretical studies see, e.g., Dziembowski & Pamyatnykh 1991; Roxburgh & Vorontsov 2001) . Using α Cen models, Guenther & Demarque (2000) had suggested to use the small separations to constrain the age of the stars. After oscillations were indeed detected in α Cen AB Carrier & Bourban 2003; Bedding et al. 2004; Kjeldsen et al. 2005) , different authors have made use of the small separations to constrain the parameters, especially the age, for these stars (Thévenin et al. 2002; Thoul et al. 2003; Eggenberger et al. 2004) . Recently, Roxburgh & Vorontsov (2003) have demonstrated that the ratio of the small and large separations serve as a better diagnostic of the innermost layers of a star than the small separations alone. Miglio & Montalbán (2005) have used this technique to refine the seismic models for α Cen AB. Similarly, the small separations have proved to be useful for the seismic modelling of Procyon A as well (Eggenberger, Carrier, & Bouchy 2005; Provost, Berthomieu, & Martić 2006) . Straka, Demarque & Guenther (2005) have provided upper limits to the convective overshoot in Procyon A models using the frequency separations. In these studies, the frequency separations have been mostly used to find the best possible model that fits the observed data for a given star. In this paper we aim to present a general technique for probing specific properties of the central regions of a star, like the mass of the convective core, and the state of evolution of the star, using suitable combinations of the frequency separations.
While the large and small separation corresponding to each radial order encodes information about a different layer inside the star, and is, therefore, an independent diagnostic of the structure, there are also advantages in considering suitable average values of these separations. Firstly, the averaging over several radial orders removes the small-scale variations due to subtle differences in the internal structure, and enhances the effects of the more significant features of the stellar interior. Second: it is often not possible from observations to determine the frequency of modes of all radial orders for the same degree, and an average is often the best indication of the trend of frequencies. Third: while individual frequencies, and hence the separations are often susceptible to large observational errors, the average values of the large and small separations turn out to be robust quantities (Mazumdar 2005) . The diagnostic power of the average separations can be utilised very well through the Christensen-Dalsgaard diagram (Christensen-Dalsgaard 1988) to determine the mass and age of a star. In this work, we show that they can also be used for more detailed study of the stellar interior and present a practical method involving the average values of small and large separations and combinations thereof to estimate the age of a star and the mass of the convective core.
In the next section we define new diagnostic quantities to probe the stellar core and outline our technique and describe the stellar models used in this work. Our results along with error estimates are presented in Section 3 with the concluding discussion in Section 4.
THE TECHNIQUE
The average large separation of radial modes is defined as
where the angular brackets imply averaging over a range of radial order, n, appropriately chosen. The small separation between modes of degree ℓ and ℓ + 2 is defined as
While comparing small separations between different pairs of modes (e.g., (ℓ = 0, 2) and (ℓ = 1, 3)) it is convenient to scale the differences to eliminate the factor of ℓ(ℓ + 1) in the frequencies. Thus one may define the scaled small separations as (cf. Christensen-Dalsgaard & Berthomieu 1991; Roxburgh & Vorontsov 2001 )
In the rest of the paper, we will refer to this scaled definition, D ℓ ℓ+2 , simply as the "small separation". The small separation between modes of degree ℓ = 0 and 2 are designated as D02, and those corresponding to ℓ = 1 and 3 as D13. Roxburgh & Vorontsov (2001) have demonstrated that these two sets of small separations encode similar, but somewhat different information about the central layers. This is explained by the fact that modes of different degree have different inner turning points, and therefore probe different layers. Thus, it might be useful to compare the two small separations, D02(n) and D13(n), of the same radial order.
In order to exploit the fine differences between D02(n) and D13(n), for each model, we define the following combinations of the small separations:
where the arguments n1 and n2 indicate the limits of radial orders between which the averaging is carried out. ∆⊙ is the average large separation of the Sun (∆⊙ ≃ 135µHz). The properties of the quantities θ and η, and their sensitivity to different stellar parameters, would partly depend on the range of the radial order chosen for averaging. We deliberately choose relatively higher order modes (n 10) for averaging to avoid contamination from mixed modes. In practice, however, the choice of the range for averaging would be primarily governed by the availability of data in different frequency ranges of the observed spectrum. For a complete set of frequencies of a solar-type star, we find that the range of n = 15 to 28 for θ and n = 10 to 28 for η make these quantities ideally sensitive to stellar properties such as the convective core mass, mcore or the central hydrogen abundance, Xc. In the rest of the paper, we shall assume these to be the respective ranges of averaging for θ and η, unless the range is stated explicitly.
We include the scaling factors ∆⊙/∆ in the definitions of θ and η to reduce homology effects while comparing stars of different mass and radius. This factor essentially filters out the global scaling of the frequencies due to differences in the mean density of different stars, and enhances the effects of the structural details which we want to study.
We study the variation of these new diagnostic quantities, θ and η with the age and evolution of the convective core in stars using a large number of stellar models. We restrict ourselves to stars with masses just a little higher than the mass of the Sun, namely, the range 1.2-1.4M⊙. We study stellar models evolved to different ages on the main sequence for masses 1.2, 1.3 and 1.4M⊙. Ideally, the boundary of the growing convective core should be tracked by adjusting the mesh at each evolutionary step. However, since the current evolutionary code does not have that capability, the edge of the core is determined through the Schwarzschild criterion being tested over a very fine mesh in the central regions of the star. To compare with stars without convection in their cores, we also constructed a sequence of 1M⊙ models. We also vary the convective overshoot in the core, which is measured in units of the local pressure scale height, HP . We use two sets of models with the overshoot parameter dov = 0 and dov = 0.2, where the amount of overshoot at the edge of the convective core is given by dovHP . For very small convective cores, the overshoot is limited to be a fraction of the core size instead of HP . However, for most of the models that we consider, the size of the core is typically at least an order of magnitude larger than the pressure scale height at the boundary, so that we can simply use dovHP as a measure of the overshoot.
The models used in this work were constructed using YREC, the Yale Rotating Evolution Code in its nonrotating configuration (Guenther et al. 1992 ). These models use the OPAL equation of state (Rogers & Nayfonov 2002) , OPAL opacities (Iglesias & Rogers 1996) , low temperature 2). For each mass the curves for models with and without overshoot diverge from the zero age main sequence. The errorbars represent 1σ errors in the respective quantities for relative frequency errors of 10 −4 , obtained through simulations described in Section 3.4.1. The significant kink in the curves, especially for overshoot models, correspond to the age of the star when the convective core stops expanding and begins shrinking.
opacities of Alexander & Ferguson (1994) and nuclear reaction rates as used by Bahcall & Pinsonneault (1992) . The models take into account diffusion of helium and heavy elements, using the prescription of Thoul, Bahcall & Loeb (1994) . The initial chemical composition of the models was fixed at (Y0 = 0.26, Z0 = 0.022).
RESULTS

Testing for core overshoot
As is clear from Fig. 2 the evolution of the central convective region of a star with age is significantly affected by the presence of overshoot. Indeed, we find that this important difference is reflected in the oscillation frequencies and consequently, the small separations. The presence of convective overshoot, therefore, might be tested through the small separations themselves. Di Mauro et al. (2003) have made a detailed investigation on how the frequency separations can be used to distinguish between models with and without overshoot for a post-main sequence star. Mazumdar (2005) , however, has shown that during the main sequence phase the direct effect of overshoot on the small separations D02 becomes noticeable only in the later stages of evolution. We investigate whether the average small separations, D02 , or the quantity η can provide any clue to the presence of overshoot in a given star.
In Fig. 3 , we show how the average small separations D02 and the quantity η vary as functions of the effective temperature as the star evolves on the main sequence, for models with and without core overshoot. The errorbars represent the 1σ errors in the ordinates for relative frequency errors of 10 −4 . These errorbars were obtained from Monte Carlo simulations with theoretical frequencies, described in detail in Section 3.4.1. It is evident that even if the mass of a star is known, D02 is barely sufficient to distinguish between models with and without overshoot at a given T eff . The tracks for η, on the other hand, are well separated, with the overshoot models producing much higher values of η at a given T eff , irrespective of mass. While the D02 values for models with and without overshoot are nearly the same, especially near the zero age main sequence (ZAMS), the η values of overshoot models diverge very rapidly beyond the ZAMS from those of non-overshoot models. Thus, if the location of a star on the HR diagram is known, the quantity η can be used to test the presence of overshoot in the convective core. For large errors in frequency the errors in η increase almost linearly (see Table 1 ); even for relative errors 5 × 10 −4 the separation between the tracks is large enough to be distinctive to prove useful.
Estimating the convective core mass, mcore
As evident from Figs. 1 and 2, the fractional mass of the convective core of a star of total mass of about 1.2-1.4M⊙ does not remain constant throughout its main sequence evolution. In particular, the convective core grows during the early part of evolution and then begins to shrink at later stages. The exact evolution of the core depends somewhat on the total mass and quite strongly on whether or not convective overshoot occurs. In either case, the relationship between the fractional mass of the core and the age of the star has opposite signs in two parts of evolution on the main sequence. Since the mass of the convective core is not monotonic with the age, it is difficult to associate the core mass directly with the small separations (and hence with θ or η), which vary generally monotonically with age. However, we find that if we scale the mass of the core with the factor (∆⊙/∆) 2 which is related to the mean density of the star, the scaled mass is nearly monotonic with the age of the star. Of course, even this scaled mass of the core eventually decreases with increasing age towards the end of the main sequence when the core shrinks to a very small size. While theoretically this might appear to be somewhat ad hoc, it provides a practical way to overcome the difficult dichotomy of the core mass. Observationally, it is a perfectly suitable method since the average large separation can usually be measured to a fair degree of accuracy. If the scaled core mass can be determined The scaled mass of the convective core, (∆ ⊙ /∆) 2 mcore/M is plotted as a function of the average small separation, D 02 , for models without overshoot (upper panel) and with overshoot (lower panel). The dotted line shows the D 02 values for a 1M ⊙ model, for which the core is not convective. The errorbars represent 1σ errors in D 02 for relative frequency errors of 10 −4 , obtained through simulations described in Section 3.4.1. The significant kink in the curves, especially for overshoot models, correspond to the age of the star when the convective core stops expanding and begins shrinking. using a seismic diagnostic, the actual mass of the core can easily be extracted through the average large separation.
We have also found from Fig. 3 that the value of η is strongly dependent on the presence of overshoot. This implies that we need separate calibration curves for models with and without core overshoot. Since Fig. 3 itself provides a means of testing for the presence of overshoot, from a practical viewpoint, this does not pose a problem while dealing with a given star. We use multiple models at different ages of 1.2, 1.3 and 1.4M⊙ both with and without overshoot to produce the needed calibration curves.
We first investigate the variation of the average small separation, D02 with the scaled fractional core mass, (∆⊙/∆) 2 mcore/M . In Fig. 4 we show the scaled core mass as function of D02 , for stellar models of different mass, evolving through the main sequence. Every curve in this figure is an evolutionary track, which serves as a calibration curve to determine (∆⊙/∆) 2 mcore/M for a given target. The figure  (and similarly Figs 5, 6 and 7) have been drawn such that The scaled mass of the convective core, (∆ ⊙ /∆) 2 mcore/M is plotted as a function of the diagnostic, η, for models without overshoot (upper panel) and with overshoot (lower panel). The dotted line shows the η values for a 1M ⊙ model, for which the core is not convective. The errorbars represent 1σ errors in η for relative frequency errors of 10 −4 , obtained through simulations described in Section 3.4.1. The significant kink in the curves, especially for overshoot models, correspond to the age of the star when the convective core stops expanding and begins shrinking.
the sense of evolution is from the left to the right along the x-axis.
This figure illustrates the fact that although models with the same core mass have largely different values of the small separation, the scaled core mass is almost monotonic with D02 . It is worth mentioning that the kink in the curves shown in the lower panel of Fig. 4 is not an artifact of the stellar models. It is, in fact, intrinsic to the evolution of the star, and corresponds to the age when the increase of the core size stops and the core begins to shrink (cf. Fig. 2) . Such a kink is also seen in the Christensen-Dalsgaard diagrams (Mazumdar 2005) . The presence of the kink implies that a careful calibration needs to be carried out -perhaps two different calibrations for two segments of the evolutionary track. For comparison, we have also plotted the D02 values for a 1M⊙ model, which does not have a convective core at all. Every horizontal errorbar indicates the 1σ error in D02 due to relative frequency errors of 10 −4 , which would translate into a random error in the determination of Figure 6 . The central hydrogen abundance, Xc is plotted as a function of the diagnostic, η, for models without overshoot (upper panel) and with overshoot (lower panel). The errorbars represent 1σ errors in η for relative frequency errors of 10 −4 , obtained through simulations described in Section 3.4.1. The significant kink in the curves, especially for overshoot models, correspond to the age of the star when the convective core stops expanding and begins shrinking. For the no-overshoot models η is poorly sensitive to Xc at early stages of evolution and hence it will not be possible to determine Xc for low values of η.
(∆⊙/∆)
2 mcore/M through the local slope of the calibration curves. Given the wide separation of the curves corresponding to different masses, it is clear that such random error in estimating the core mass due to errors in frequencies is much smaller than the uncertainty due to the stellar mass. Therefore, to use this technique, one needs to have a fair idea of the mass of the star. We shall investigate both the random and systematic errors involved in detail in Sections 3.4.1 and 3.4.2 respectively.
We can also use the quantity η as an additional diagnostic for the convective core. The variation of η with (∆⊙/∆) 2 mcore/M is illustrated in Fig. 5 . We find that η is more sensitive to the core mass in the presence of overshoot. Actually, the use of η as a diagnostic is restricted only to more evolved models in the absence of overshoot, especially for the 1.4M⊙ models. The presence of the kink again implies that for stars near that particular evolutionary stage the error in the core mass estimate will be larger. We also note that unlike D02 , the range of values of η for a star Figure 7 . The central hydrogen abundance, Xc is plotted as a function of the diagnostic, θ, for models without overshoot (upper panel) and with overshoot (lower panel). The errorbars represent 1σ errors in θ for relative frequency errors of 10 −4 , obtained through simulations described in Section 3.4.1. It turns out that the correlation of θ with Xc becomes poor beyond a certain evolutionary stage (depending on the mass) and the curves are truncated only to show the part that would be usable for the determination of Xc.
without a convective core, the 1M⊙ model, is restricted to much smaller values than that for stars with a convective core. This is one advantage that η has, as a diagnostic of mcore, over D02 (cf. Fig. 4 ).
Estimating Xc
The central parts of a star change more rapidly than the outer layers with age. Thus, it is not surprising that the small separations, or combinations thereof, can be used as indicators of stellar age (Christensen-Dalsgaard 1988) . We have investigated how sensitive the quantities η and θ are to the stellar age, as measured in terms of the central hydrogen abundance, Xc. Figs. 6 and 7 show the calibration curves. As with the core mass, we find that in the absence of overshoot η is not very sensitive to Xc either. For overshoot models, however, η may be used as an indicator of Xc throughout the main sequence phase, provided the mass is independently known. The quantity, θ, on the other hand, serves as a good diagnostic for Xc in the early stages of evolution. Beyond a Figure 8 . The mass of the convective core, as determined through the calibration of (∆ ⊙ /∆) 2 mcore/M vs D 02 (Fig. 4) , is plotted against the model value. Results are shown for test models both without (upper panel) and with (lower panel) overshoot. In each case, the calibration curve corresponding to the same mass and overshoot was used. The dotted lines show the values which would be obtained for a perfect match with the model. The errorbars show the 3σ error estimates for relative frequency errors of 10 −4 .
certain age, which depends slightly on the mass, θ no longer follows a regular pattern with Xc. At younger ages, however, θ is less sensitive to the stellar mass, which would make it an excellent indicator of the evolutionary stage if the mass is not well-constrained. The quantities θ and η also serve as complementary diagnostics of Xc at different stages of evolution.
Errors in estimation of mcore and Xc
Random errors
Having constructed calibration curves for the core mass and stellar age, the next step is to check whether we can use them for real data with errors. Since at present we do not have enough observational data to test these methods, we undertook a Monte-Carlo simulation where random errors with a Gaussian distribution that has a specified standard deviation were added to the exact frequencies of a given test model. All the necessary separations were then calculated Figure 9 . The mass of the convective core, as determined through the calibration of (∆ ⊙ /∆) 2 mcore/M vs η (Fig. 5) , is plotted against the model value. Results are shown for test models both without (upper panel) and with (lower panel) overshoot. In each case, the calibration curve corresponding to the same mass and overshoot was used. The dotted lines show the values which would be obtained for a perfect match with the model. The errorbars show the 3σ error estimates for relative frequency errors of 10 −4 .
with these error-added frequencies and the desired quantity (mcore or Xc) was estimated using the calibration curves. Finally, the averages of the estimates along with errorbars were obtained from 100 such realisations. Typically we used five test models at different evolutionary stages for each mass to check the viability of the method. For each test model, it is assumed that the mass of the target star is known and that the question of overshoot has been settled independentlythrough a test like Fig. 3 , or by some other constraintso that we can use a calibration curve constructed for the same mass and overshoot. The systematic errors arising due to uncertainties in these respects will be treated separately in the next section. Figures 8 to 11 show the results of these tests. In each figure we compare the original input model value of mcore and Xc against their estimated values. The errorbars indicate 3σ errors obtained assuming a constant relative error of 1 part in 10 4 in frequencies. Such errors in frequencies are in line with the expectations from the CoRoT mission. Even recent ground-based observations have reached almost Table 1 . Results of Monte Carlo simulations of determination of mcore and Xc for 5 test models at different ages with mass M = 1.3M ⊙ and overshoot dov = 0.2 are shown. For each model the top row shows the original input model values. The three subsequent rows show the results for different quantities when relative errors in frequency of 1 × 10 −4 , 5 × 10 −4 and 1 × 10 −3 respectively are added to the model frequencies. In each case, the results represent the average and 1σ errors for 100 independent realisations of the simulated data. The blank entries indicate that the technique fails to extract the desired quantity either due to lack of sensitivity of the diagnostic, or too high an error in frequencies to use the calibration curves. this level of precision . For the estimation of mcore we note that the error is introduced at two points -first when we determine the scaled core mass, (∆⊙/∆) 2 mcore/M , from the calibration curves (Figs. 4 and 5) and then through the average large separation, ∆ to extract mcore. The error in ∆ is, however, tiny compared to the contribution from the calibration curves while determining (∆⊙/∆) 2 mcore/M . For the set of models with M = 1.3M⊙, dov = 0.2 we have also tested the method for higher error in the frequencies -relative errors of 5 × 10 −4 and 1 × 10 −3 were added to the frequencies. The results, presented in Table 1 , show that the errors are propagated linearly and that the techniques to extract mcore and Xc begin to fail only at the level of δν/ν ≃ 10 −3 , which is ten times worse than the precision level expected from CoRoT. However, in some cases where the diagnostic is poorly sensitive to mcore or Xc in a particular phase of evolution (e.g., η is a poor indicator of Xc at younger ages), even a small error in the diagnostic would possibly lead to a wrong value of mcore or Xc for a star in that phase of evolution, even if the errorbar remains small. This is what is seen in Table 1 , for example, in the Xc values extracted from η for relative frequency errors of 5 × 10 −4 .
Systematic errors
In applying our technique to determine mcore and Xc of a given target star, we shall need to use calibration curves with approximately the same mass and overshoot as the target. In reality, however, these quantities are never a priori known exactly. Therefore, we need to investigate the extent of systematic errors in mcore and Xc arising due to the use of inexact calibration curves.
The question of overshoot is one that asteroseismology hopes to answer. Straka et al. (2005) have suggested a method of estimating overshoot through the small separations of g-modes. In Section 3.1 we have also demonstrated how η can be used to detect the presence of core overshoot. For this study, however, we realise that the calibration curves are significantly dependent on overshoot and the systematic errors could indeed be large if an inexact value of core overshoot is used in the calibration (∼ 40% for an error of δdov ≃ 0.2). Therefore, we conclude that an independent estimate of the core overshoot would be necessary to use our technique to determine mcore and Xc to better accuracy.
For solar-type stars the location on the HR diagram can be determined with a fair accuracy which often provides a reasonable estimate of the mass of the star. Usually, the mass of a solar-type star is known to within 0.10M⊙ purely from its spectral type and luminosity. We have investigated the systematic errors in mcore and Xc due to uncertainty in the mass by using calibration curves of both 1.2M⊙ and 1.3M⊙ for target models of 1.25M⊙. The results are shown in Figs. 12 and 13 . The errorbars in these figures still indicate the random errors due to relative frequency errors of 10 −4 . As expected, mcore is systematically underestimated when a lower mass is used for calibration, and vice versa. For an Figure 10 . The central hydrogen abundance, as determined through the calibration of Xc vs η (Fig. 6) , is plotted against the model value. Results are shown for test models both without (upper panel) and with (lower panel) overshoot. In each case, the calibration curve corresponding to the same mass and overshoot was used. The dotted lines show the values which would be obtained for a perfect match with the model. The errorbars show the 3σ error estimates for relative frequency errors of 10 −4 . The technique does not work at younger ages for no-overshoot models due to the lack of sensitivity of η to Xc (cf. Fig. 6 ). The instances of larger errorbars for 1.3 and 1.4M ⊙ occur when the test model is close to the kink in the calibration curve.
error of 0.05M⊙ in mass, the systematic error in mcore/M is ∼ 0.015 on average. Evidently, the systematic errors in mcore are much larger than the random errors arising due to errors in frequencies.
The situation is, however, different for the determination of Xc. Fig. 13 shows that Xc can be determined fairly accurately from either θ (only at younger ages) or η even if the mass is not known exactly. Importantly, there is no systematic trend in the error in Xc due to an incorrect estimate of the mass. The random errors actually span the range of uncertainty introduced due to an incorrect estimate of the mass. This is not surprising, given the closeness of the calibration curves for different masses in Figs. 6 and 7. (Fig. 7) , is plotted against the model value. Results are shown for test models both without (upper panel) and with (lower panel) overshoot. In each case, the calibration curve corresponding to the same mass and overshoot was used. The dotted lines show the values which would be obtained for a perfect match with the model. The errorbars show the 3σ error estimates for relative frequency errors of 10 −4 . The technique does not work at low values of Xc due to the nonregular variation of θ with Xc at more evolved stages (cf. Fig. 7 ).
DISCUSSION
We have presented the results of our study to relate the small frequency separations to the central layers of solartype stars. We have shown that the average small separation, D02 , can be used as a measure of the mass of the convective core in stars of mass 1.2-1.4M⊙. In addition, we also propose two combinations, θ and η, of the small separations of different pairs of degrees as new diagnostics of the mass of the convective core, mcore and the stellar age, in terms of Xc. We have tested the applicability of our technique to data with errors by estimating the random and systematic errors in mcore and Xc through Monte Carlo simulations. The motivation behind the use of such combinations of D02 and D13 stems from the fact that while they both encode slightly different internal phase shifts (Roxburgh & Vorontsov 2001) , their combination might be sensitive to the sharp discontinuity at the boundary of the core. A more thorough the- oretical analysis of these diagnostic quantities is required to understand their features better. It turns out that the diagnostic value of η and θ can be maximised with an appropriate choice of the frequency ranges indicated here. A different choice of the frequency range is not only feasible, but might, in fact, be necessary depending on the availability of data. A detailed error analysis using calibration curves with the available observed frequencies to be used for the averaging would, however, be necessary in order to apply the technique to real data.
It turns out that all the calibration curves depend on convective overshoot in the core, and therefore we would need an independent estimate of the extent of overshoot in order to determine mcore and Xc to better than 40%. We find that the new diagnostic η itself is, however, a good indicator of the presence of overshoot. The values of η are much larger in the presence of overshoot, irrespective of the mass.
The mass of the convective core changes as the star evolves. For solar-type stars with mass less than 2M⊙, it in- creases with age during the first part of evolution on the main sequence before shrinking down slowly in the later part. The values of the small separations, however, decrease monotonically with age, being more sensitive to the general evolution than to the size of the core. We attempt to account for the general change in the mean density with age by scaling the mass of the convective core with the large separation. We find that the average small separation, or the new diagnostic η, varies almost monotonically with the scaled core mass, (∆⊙/∆) 2 mcore/M . This scaling enables us to calibrate D02 or η against the core mass. It turns out that the random error in determining mcore through D02 is smaller than that through η. On the other hand, the systematic errors due to inaccuracy in the total mass of the target star in the calibration curves can be as large as up to 20% for typical mass errors of 10%.
We have also shown that the new diagnostic quantities, η and θ may be used to estimate the age of a main sequence star. We find that they serve as nearly complementary indicators of the central hydrogen abundance -while θ is a fairly good indicator of Xc during the early phase of evolution, η can be used at more evolved stages. Both of these quantities, as diagnostics of Xc, are fairly insensitive to mass, which make them better indicators of the evolutionary stage of a star than the small separations themselves. The actual age of the star in terms of years would, of course, still depend heavily on the stellar mass. The random errors due to errors in frequency actually dominate the systematic errors due to uncertainty in mass. Xc can be determined to 5% for typical frequency errors of ∼ 0.1µHz. We note that η is more sensitive to both mcore and Xc when overshoot is included in the models.
While the age of the star determined through η or θ is quite independent of stellar mass, the determination of the mass of the convective core depends on the total mass of the star. Further, both of these techniques are sensitive to the extent of convective overshoot in the core. We have, in this work, provided a method to test the extent of overshoot through the diagnostic η itself. The estimate of the stellar mass, however, needs to be obtained independently. For the fortunate cases of binary stars (e.g., as in α Cen, Pourbaix, Neuforge-Verheecke, & Noels 1999), the mass is usually known to a high accuracy from dynamic considerations. Even for single stars, a precise location on the HR diagram and a good estimate of the metallicity often helps to constrain the mass. In any case, a detailed correlation analysis between the age, the stellar mass and the extent of overshoot will be needed to correctly estimate the uncertainty in the results obtained from this technique.
